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Skin cancer is a serious concern whose incidence is increasing at an alarming rate. Allyl sulfides — i.e., sulfur metabo- 
lites in garlic oil — have been demonstrated to have anticancer activity against several cancer types, although the 
mechanisms underlying these effects remain enigmatic. Our previous study showed that diallyl trisulfide (DATS) is 
more potent than mono- and disulfides against skin cancer. DATS inhibits cell growth of human melanoma A375 
cells and basal cell carcinoma (BCC) cells by increasing the levels of intracellular reactive oxygen species (ROS) 
and DNA damage and by inducing G2/M arrest, endoplasmic reticulum (ER) stress, and mitochondria-mediated 
apoptosis, including the caspase-dependent and -independent pathways. This short review focuses on the molecular 
mechanisms of garlic-derived allyl sulfides on skin cancer prevention. 
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Introduction 

Skin cancer, the most prevalent cancer worldwide, 
can be broadly divided into melanoma and non- 
melanoma skin cancer (which includes basal and 
squamous cell carcinoma), depending on the cell 
type. Epidemiological studies show that the inci- 
dence of skin cancer has increased at an alarming 
rate in previous decades not only in Western coun- 
tries but also in Asia. 1-3 The World Health Organi- 
zation claims that one in three cancer cases are skin 
related, which stresses the global importance of skin 
cancer prevention. Basal cell carcinoma (BCC) is the 
most common type of keratinocyte tumor, exhibit- 
ing slow growth rate and spreading rarely. 4 In con- 
trast, due to its rapid metastasis and chemotherapy 
resistance, melanoma is the least common form but 
most lethal malignancy derived from melanocytes. 5 
Evidence strongly suggests that excessive ultravi- 
olet radiation (UVR) exposure, ozone depletion, 
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genetic and dietary factors, and lifestyle are asso- 
ciated with the development of skin cancer. 6,7 It 
is well known that skin cancer results from cocar- 
cinogenic effects of different events, such as UVR- 
induced DNA damage, oxidative stress, inflamma- 
tion, and immune suppression. 6,8 Therefore, many 
natural dietary agents have received considerable 
attention because of their biological effects, such 
as antioxidant, anti-inflammatory, and anticarcino- 
genic functions. ' 

Epidemiological studies have suggested that the 
traditional Mediterranean diet containing high lev- 
els of antioxidants and phytochemicals has been as- 
sociated with decreased incidence of skin cancer. 11 
Garlic {Allium sativam L.) is widely used in tra- 
ditional herbal remedies and alternative medicine. 
The National Cancer Institute (NCI) set garlic on the 
top of a vegetable pyramid, representing potency in 
cancer prevention. 12 The anticarcinogenic effect of 
garlic is attributed to the presence of organosulfur 
compounds such as allicin, allyl sulfides, ajoene, and 
S-allyl cysteine (SAC). 13 Fresh garlic cloves contain 
0.2-0.5% garlic oil in the steam-distilled materi- 
als. Allyl sulfides, including diallyl sulfide (DAS), 
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diallyl disulfide (DADS), diallyl trisulfide (DATS), 
and other allyl polysulfides are the most abundant 
compounds in garlic oil, accounting for nearly 94% 
of the total amount. 14 The proportion of allyl sul- 
fides in garlic oil consists of approximately 4.7- 
8% DAS, 21.9-40% DADS, and 39-41.5% DATS, 
which depends on the extraction conditions. 15 ' 16 
Much evidence suggests that these allyl sulfides sup- 
press the growth of multiple cancer types in both in 
vitro and in vivo models. 17 ' Here, we succinctly re- 
view the current literature pertaining to anticancer 
properties of garlic oil and allyl sulfides against 
skin cancer, with special emphasis on the potential 
mechanisms. 

Inhibitory action of garlic-derived allyl 
sulfides on chemical carcinogen-induced 
skin cancer in mice 

Skin carcinogenesis is a multistage process involved 
in the alteration of the signaling molecules regu- 
lating cell proliferation, differentiation, and death 
activated by UV radiation or chemical carcinogens. 
These signaling molecules contain various tran- 
scription factors (e.g., p53, p21, activator protein-1 
(AP-1)), cell cycle proteins (e.g., cyclins, cyclin- 
dependent kinases), antiapoptotic proteins (e.g., 
Bcl-2, Bcl-xl), proapoptotic proteins (e.g., Bax, cas- 
pases), inflammatory enzymes (e.g., cycloxygenase- 
2 (COX-2)), numerous protein kinases (e.g., c-jun 
AT- terminal kinase (JNK), Akt protein kinase), cell 
adhesion molecules, and growth factor signaling 
pathways. Therefore, agents that might prevent pre- 
cancerous lesions caused by environmental carcino- 
gens or that possess UV-blocking, antioxidant, an- 
timutagenic, and anti-inflammatory properties may 
be useful against skin cancer. 1 ' 

The chemical carcinogen-induced two-stage skin 
tumor is a well-established animal model to 
study mechanisms of epithelial carcinogenesis. 
The initiation stage involving irreversible muta- 
tion in H-ras proto-oncogene is accomplished 
by the application of a carcinogen, such as 
7, 12-dimethyl benz(a)anthracene (DMBA). Sub- 
sequently, carcinogen-initiated skin is induced 
by repeated treatment with a tumor-promoting 
agent, such as 12-0-tetradecanoylphorbol-13- 
acetate (TPA) or phorbol myristate acetate (PMA), 
which causes the formation of benign tumors or pa- 
pilloma. 20 ' 21 In this model, while the early stage of 
promotion is reversible, late-stage promotion and 



progression exhibit the irreversible phases of the tu- 
morigenesis process. 21 Belman was the pioneer to 
reveal chemopreventive effects of garlic oil against 
skin tumorigenesis initiated by DMBA and pro- 
moted by PMA. 22 Published results documenting 
efficacy of garlic-derived allyl sulfides against chem- 
ical carcinogen-induced skin cancer in experimental 
rodents are summarized in Table 1. From these stud- 
ies, it is clear that topical applications of garlic oil or 
allyl sulfides inhibit skin papilloma formation, re- 
duce tumor incidence, and increase the survival rate 
in mice. 23-26 Several mechanistic studies have been 
proposed to explain the antitumorgenesis effect of 
DAS, including modulating carcinogen metabolism, 
inhibiting carcinogen-induced DNA damage, in- 
creasing cellular defenses system, and leading to 
apoptosis in carcinogen-induced skin tumor. 27-33 
Kalra et cd. showed that DAS suppresses DMBA- 
induced skin tumors through induction of apoptosis 
via modulation of ras-induced phosphatidylinos- 
itol 3-kinase (PI3K)/Akt, mitogen-activated pro- 
tein kinase (MAPKs), and p53-mediated signaling 
pathways. 30 Among the garlic-derived allyl com- 
pounds, DATS was more potent than DAS and 
DADS to suppress TPA-induced COX-2 expression. 
The antitumor-promoting effect of DATS on TPA- 
induced COX-2 and AP-1 expression is involved 
in modulation of JNK or Akt signaling on mouse 
skin carcinogenesis. 34 Taken together, the preven- 
tion of carcinogenic progression by allyl sulfides 
has been attributed to its strong antioxidant, anti- 
inflammatory, and antiproliferation properties. Al- 
lyl sulfides provide a multiprong beneficial approach 
for targeting multiple signaling pathways in skin 
cancer prevention. 

Mechanistic studies of growth inhibition 
of allyl sulfides in skin cancer cells 

Research has focused on the anticancer effect of 
allyl sulfides in culture and in vivo models, includ- 
ing prostate, lung, and colon cancers. 18 Chemopre- 
vention of skin cancer by garlic organosulfur has 
recently received increased attention. ' ' Exten- 
sive studies to elucidate the mechanism of DATS- 
induced cell cycle arrest and apoptosis using human 
melanoma A375 cells and BCC cells as a model have 
been done in our lab. 37 38 A number of studies have 
indicated that the number of sulfur atoms on al- 
lyl sulfides determines their efficacy and biological 
activity, such as anticancer and anti-inflammatory 
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Table 1 . Topical application of garlic oil and allyl sulfides protect against chemical-induced skin carcinogenesis in 
mice 



Agents Experimental design Dose Findings References 



Garlic oil 


DMBA + PMA female 


10, 100 (jig, lmg 


! Number of tumors per 


Belman 22 




Ha/ICR mice 




surviving mouse 






177 days 




J, Percent living mice with 










tumors 






Benzo[a]pyrene (BP) + 


10% garlic oil/0.1 ml 


! Number of tumor-bearing 


Sadhana et al. 23 




croton oil female 


acetone 


mice 






Swiss albino mice 




! Number of tumors per 






16 weeks 




effective mouse 






DMBA + PMA 


2 mg garlic oil/0.2 ml 


J, Number of papillomas/mouse 


Perchellet et al. 24 




SENCAR mice 


acetone 


J, Percent of mice with papillomas 






18 weeks 








DAS 


DMBA + benzoyl 


20 (xM/0.2 ml 


J, Tumor incidence 


Athar et al? b 




peroxide (BPO) 


acetone/mouse 


J, Number of papillomas/mouse 






SENCAR mice 




J, Number of carcinomas/mouse 






SI wfplfc 










DMBA female Swiss 


250 p,g /0.1 ml acetone 


J, Tumor incidence 


Singh et al? 1 




albino mice 




J, Average number of tumors/ 


Arora et al. 




28 weeks 




mouse 










f Apoptosis 










f Wild-type p53 expression 










! Mutant p53 expression 










| DMBA-induced H-ras mRNA 










ItVCl (ill 1.1 LJ Z. L / L a.c> CAU1C331U11 






DMBA female Swiss 


2.5, 5, 10 mg/kg BW 


I DMBA-induced DNA strand 


Nigam and 




albino mice 




breaks 


Shukla 29 




96 hours 




^DMBA-induced overexpression 


JVdird ei ul. 








of ras oncoprotein 










| Ras-induced PI3K/Akt and 










p38MAPK pathway 










f p53-mediated apoptotic 










pathway 




DADS 


DMBA + TPA 


1 mg/0.1 ml acetone 


\ Number of papillomas/mouse 


Dwivedi et al. 26 


DAS 


SENCAR mice 




f Survival rate 






22 weeks 








DATS 


DMBA + TPA female 


5, 25 (jLg/0.2 ml of 


! Incidence and multiplicity of 


Shrotriya et al 34 




ICR mice 


acetone/DMSO 


papillomas 






20 weeks 




I TPA- induced AP-1 activation 










and COX-2 expression via 










modulation of the JNK or Akt 










signaling pathway 





The arrows indicate the increase (f) or decrease (J,). 

ICR, Imprinting Control Region; DMSO, dimethylsulfoxide. 
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effects. 39 The ability of allyl sulfides to suppress the 
growth of cancer cells tightly correlates with the 
length of the sulfur chain. 40 In line with previous 
reports, we revealed that DATS (25 u,M) was more 
effective than DADS and DAS in decreasing cell via- 
bility of A375 and BCC cells. Moreover, DATS inhib- 
ited cell growth of A375 and BCC cells via activation 
of multiple target pathways. 37,38 The chemical prop- 
erties and mechanisms determining the anticancer 
action of garlic- derived allyl sulfides have attracted 
recent scientific interest. 40 Studies have shown that 
the antiproliferative effects of garlic-derived allyl 
sulfides are associated with their conversion to sul- 
fane sulfur in tumor cells and/or to controlling pro- 
liferative signals. 41 For example, garlic organosulfur 
compounds bearing an S-allyl moiety can di- 
rectly or indirectly target the redox-sensitive 
proteins at sulfhydryl sites, including cell-cycle 
checkpoint control proteins, apoptotic regulatory 
proteins, and transcription factors. 42 Results from 
our findings and other studies are discussed in 
the following section to illustrate the mechanism 
of skin cancer prevention by garlic- derived allyl 
sulfides. 

Induction of ROS generation and DNA 
damage in skin cancer cells 

Accumulating evidence indicates that human tu- 
mors frequently have defects in response to oxida- 
tive stress and DNA damage, compared with normal 
human cells. Hence, a DNA damage agent with less 
normal tissue toxicity is one of the newest cancer 
therapies. 43 Studies have shown allyl disulfides can 
produce reactive oxygen species (ROS) directly by 
reactions relying upon the homolytic cleavage of 
disulfide bonds. Allyl sulfides can contribute to the 
generation of ROS, the depletion of glutathione 
(GSH), and the establishment of pro-oxidant con- 
ditions in cancer cells. 44 The differences between 
disulfides and trisulfides in the capability of ROS 
production and inability of monosulfides to form 
ROS can explain their diverse toxicities. Many 
authors revealed that the cytotoxicity of differ- 
ent organosulfurs under similar concentration de- 
creases in the following order DATS > DADS > 
DAS. 45 Our previous study demonstrated that the 
dose- dependent cytotoxicity induced by DATS in 
A375 and BCC cells was associated with both an 
increase in the level of ROS and expression of DNA 
damage markers, including y -H 2 AX, phospho-p53 



(Ser 15), and p21. 37 In addition, the pretreat- 
ment of antioxidant N-acetyl cysteine (NAC) sup- 
pressed ROS generation, DNA damage, and cyto- 
toxicity in BCC cells caused by the treatment of 
DATS (100 |juM). 38 A considerable amount of re- 
search has indicated that DNA damage-induced 
p53 pathways (e.g., postmitotic cell death, cell cy- 
cle arrest) are involved in antiproliferative effect of 
chemotherapeutic agents. 46 Our results suggest the 
possibility that ROS-mediated oxidative DNA dam- 
age plays an important role in DATS-induced cell 
death. 37 

Induction of cell cycle arrest at the G2/M 
phase 

Recent studies have shown that allyl sulfides induce 
G2/M phase cell cycle arrest in several human can- 
cer cells. 47,48 The regulation of cell cycle progression 
in human cancer cells is connected with the mod- 
ulation of allyl sulfides on checkpoint modulators, 
such as cyclin- dependent kinase 1 (Cdkl) and cell 
division cycle 25 C (Cdc25 C) phosphatase. 49 Xiao 
et cd. demonstrated that DATS induced G2/M arrest 
of human prostate cancer cells by ROS-mediated 
hyperphosphorylation of Cdc25 C was associated 
with increased Tyrl5 phosphorylation of Cdkl and 
inhibition of Cdkl/cyclinBl kinase activity. 50 It is 
known that Cdc25 C phosphatases and Wee 1 ki- 
nase play critical roles in maintaining G2 phase 
arrest through modulating the phosphorylation of 
Cdc2. 51 In agreement with previous findings, our 
study revealed that DATS (25 |xM) decreased the 
expression of Cdc25 C and Cdc2, and increased 
the levels of Wee 1 and cyclin Bl expression in a 
time-dependent manner, which resulted in accumu- 
lation of sub-Gl population in A375 and BCC cells. 
DNA damage and ROS generation was attributed to 
DATS-mediated G2/M arrest in these two types of 
skin cancer cells. Subsequently, DATS caused a tem- 
porary G2/M arrest, which was followed by an in- 
creasing percentage of polyploid DNA content and 
sub-Gl DNA content by the cell cycle analysis at 
different time points (0, 3, 6, 12, and 24 h). 37 These 
results are in line with reports that cells without 
complete DNA repair can result in mitotic arrest, 
errors in chromosome segregation, and formation 
of aberrant polyploidy cells, subsequently leading to 
cell death. 46 Our ongoing work also shows the con- 
cordance for the expressions of molecules involved 
in G2/M arrest induced by garlic oil. Collectively, 
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these studies indicate that the induction of cell cycle 
arrest in cancer cells is a common cellular response 
to garlic- derived allyl sulfides. 

Induction of apoptosis through the 
mitochondria pathway 

Evidence suggests that the suppression of cancer cell 
growth by garlic oil and allyl sulfides correlates with 
apoptosis induction. 18,52 Milner et al. was the first to 
report DADS-induced apoptosis observed by DNA 
fragmentation and other morphological changes in 
human colon cancer cells. 53 Most studies implicate 
involvement of disrupting the balance of the Bel- 2 
family proteins in regulation of the allyl sulfides- 
mediated mitochondrial apoptosis pathway. 49 Clin- 
ical observation of patients revealed that over- 
expression of antiapoptotic Bcl-2 protein enhances 
cell survival and contributes to the severity of ag- 
gressive skin tumors. 54 A therapeutic trial from Tilli 
et al. found that topical application of ajoene onto 
tumors in 21 patients with nodular or superficial 
basal cell carcinoma for six months reduced tumor 
size in 1 7 cases, with a concomitant decrease in the 
expression of Bcl-2 protein in the tumor cells, as 
evaluated by immunohistochemical assays. More- 
over, the results of in vitro study suggested that 
the antitumor effect of ajoene was associated with 
induced mitochondria-dependent apoptosis. 55 The 
mitochondrial apoptosis response is associated with 
different phenomenon, including the disruption of 
mitochondrial membrane potential, an altered ratio 
of proapoptotic protein Bax and antiapoptotic pro- 
tein Bcl-2, stimulation of the release of cytochrome 
c from the mitochondria into the cytosol, and the 
activation of apoptotic protease activating factor 
1 (Apaf-1), caspase-9, caspase-3, and poly (ADP- 
ribose) polymerase (PARP). 56 Studies have shown 
that Bcl-2 phosphorylation leads to reduced forma- 
tion of Bax-Bcl-2 heterodimers and activation of the 
mitochondria-mediated intrinsic caspase cascade. 57 
Consistent with previous results, our study demon- 
strated that DATS (25 u,M) induced apoptosis of 
A375 and BCC cells via the mitochondrial pathway. 
DATS decreased the antiapoptotic levels of Bcl-2 and 
Bcl-xl, increased the expression of Bax, and activated 
Bcl-2 phosphorylation in A375 and BCC cells, which 
correlated with loss of the mitochondrial membrane 
potential. 3738 

It is well known that modulation of the p53- 
mediated pathway is one of the major mechanisms 



to induce cell death for dermatological treatments. 
However, melanoma cells have a low frequency of 
spontaneous apoptosis in vivo and are relatively re- 
sistant to the agents used in chemotherapy in vitro. 
Studies have reported that A375 and BCC cells ex- 
hibit wild-type p53 function, which is activated 
upon apoptosis by a variety of cellular stresses. The 
phosphorylation at serine 15 of p53 protein plays 
a role in responding to cellular DNA damage and 
the occurrence of p53-mediated apoptosis. 58 ' Our 
earlier study suggested that DATS triggered DNA 
damage and, consequently, induced G2/M arrest 
and apoptosis through the p53 pathway. 37,38 Arora 
et al. showed that induction of apoptosis and mod- 
ulation of the tumor suppressor p53 as plausible 
mechanisms of the antiproliferative effect of allyl 
sulfide in DMBA- induced mouse skin tumors. 32 ' 33 
Another study by Kalra et al. demonstrated that the 
antitumorigenesis effect of DAS is due to the upreg- 
ulation of p53 that is linked to its downstream target 
molecule p21, and downregulation of ras oncopro- 
tein, antiapoptotic proteins survivin, and Bcl-2. 30 
Therefore, these studies suggest that the p53 path- 
way may play an important role in allyl sulfide- 
induced apoptosis and cell death of skin cancer 
cells. 

A recent study has shown that the activation of 
both caspase-dependent and -independent mito- 
chondrial pathways leads to observable inhibition 
of cancer cells and results in a lower level of tu- 
mor resistance. 60 Although much evidence indicates 
that allyl sulfides induce apoptosis of several hu- 
man cancer cell types via the mitochondrial caspase- 
dependent pathway, little is known about their ef- 
fect on the caspase-independent pathway. Among 
the caspase-independent molecules, apoptotic in- 
duced factor (AIF) and endonuclease G (Endo G) 
are directly involved in DNA fragmentation af- 
ter nuclear translocation in caspase-independent 
cell death. 61 Moreover, HtrA 2 /Omi induces both 
caspase-dependent and -independent pathways by 
decomposing members of the inhibitor of apop- 
tosis proteins (IAPs) family and decreasing their 
serine protease activity. 62 Studies from our labo- 
ratory have revealed that DATS upregulates the ex- 
pression of cytosolic AIF, HtrA 2 /Omi, nuclear AIF, 
and Endo G in a dose-dependent manner, providing 
the novel finding that DATS induces both caspase- 
dependent and -independent apoptosis in skin 
cancer cells. 38 
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Figure 1. Proposed mechanisms for DATS-induced cell cycle arrest and apoptosis induction in skin cancer cells. The arrows 
indicate the expression changes in our results. The DATS treatment increases the ROS level and inflicts DNA damage, which is 
reflected by the increase of 7-H 2 AX and consequent activation of the p53/p21 and affects G2/M modulator, such as Wee 1 kinase, 
Cdc25C, and Cdc2. DATS also induces Ca z+ mobilization and ER stress-related molecules such as Bip/GRP78 and CHOP/ GADD 153, 
which trigger caspase-4 and caspase-9 activation before causing apoptosis. DATS induces caspase-dependent apoptosis by decreasing 
Bcl-xL expression, increasing the Bax/Bcl-2 ratio and Bcl-2 phosphorylation, and the subsequent loss of mitochondrial membrane 
potential. The release of mitochondrial proteins, such as Cyt c, AIF, HtrA 2 /Omi, and Endo G. Cytosolic Cyt c, in turn, activates 
the downstream effectors Apaf-1, caspase-9, caspase-3, and PARP cleavage. Alternatively, DATS-triggered caspase-independent cell 
death is facilitated by increased nuclear translocation of AIF and Endo G. Moreover, antioxidant NAC suppressed DATS-induced 
ROS generation, growth inhibition, G2/M arrest, and apoptosis of skin cancer cells. NAC, N-acetyl-L-cysteine; ROS, reactive oxygen 
species; ER, endoplasmic reticulum; Cyt c, cytochrome c; PARP, poly (ADP-ribose) polymerase; AIF, apoptotic-inducing factor; 
and Endo G, endonuclease G. 



Endoplasmic reticulum stress-induced 
apoptosis 

Growing evidence indicates that induction of DNA 
damage activates the unfolding protein response 
and endoplasmic reticulum (ER) stress-induced 
apoptosis. 46 Upon exposure to ER stress, cytoso- 
lic Ca 2+ levels are increased due to release of Ca 2+ 
from internal stores. Subsequently, cytosolic Ca 
mobilization causes mitochondrial membrane po- 
tential depolarization and apoptosis via the cas- 
pase cascade. 63 Among the ER-associated apoptotic 
molecules, GRP78/BiP (glucose-regulated protein 
of 78 kDa), CHOP/GADD153, and caspase-4 are 
well-known biomarkers or proapoptotic factors that 
are closely associated with ER stress. 64 Das et ol. were 



first to reveal DATS-mediated cell death via ER stress 
induction in human glioblastoma cells; however, 
its mechanism of action remains uncharacterized. 65 
Sundaram etal. have shown that increasing intracel- 
lular free calcium is associated with the antiprolifer- 
ative effect of DADS in human melanoma SK MEL- 
2 cells. 66 We found that the induction of ER stress 
markers, CHOP/GADD153 and BiP/GRP78, is cor- 
related with increased intracellular free Ca 2+ levels, 
mitochondrial membrane depolarization, and acti- 
vation of caspase-4 in BCC cells after the treatment 
of DATS (25 u,M). 38 Studies have demonstrated that 
ER stress activates the unfolding protein response 
and the ER-resident cysteine protease, initiating the 
caspase cascade and amplifying the proapoptotic 
signal by altering the balance between Bcl-2 and Bax, 
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and inducing caspase-dependent and -independent 
pathways. 67 Our data support the fact that activa- 
tionoftheER stress pathway triggers apoptosis upon 
DATS treatment in A375 and BCC cells. In our cur- 
rent research program, studies are in progress to 
explore whether garlic oil (mixture of mono-, di-, 
and tri-allyl sulfides) has a similar molecular mecha- 
nism to that of DATS in inhibiting growth of human 
skin cancer cells. 

Inhibition of human melanoma metastasis 
in vitro 

Epidemiological studies have identified that 
melanoma is a lethal type of skin cancer because of 
its relatively high probability to progress to metas- 
tasis and its resistance to chemotherapy. 68 There- 
fore, it is imperative to develop efficacious pre- 
ventive and therapeutic strategies for melanoma. 
Taylor et al. were the first to report the antimetastatic 
effect of garlic sulfur compounds. The result has 
shown that ajoene inhibits tumor cell growth in 
vitro, and strongly suppresses metastasis to lung 
in the B16/BL6 melanoma cell model in C57BL/6 
mice. 69 Our studies are in progress to demon- 
strate that DATS inhibits cell migration, adhe- 
sion, and invasion of A375 cells under noncyto- 
toxic concentration as analyzed by wound healing 
assays and via a Matrigel invasion chamber sys- 
tem. The antimetastatic potency might be related 
to the decrease in the activity of matrix metallo- 
proteinases (MMPs) induced by DATS, including 
MMP-2 and MMP-9. Similarly, a pervious study 
revealed that the antiadhesion effect of allyl sul- 
fides involved in their sulfide group interacts with 
membrane lipids to modify the membrane fluid- 
ity or protein. 70 These results provide new insight 
into the mechanisms of allyl sulfides on modulating 
the metastatic potency of human cancer cells. Our 
ongoing studies are exploring the mechanism for 
antimetastatic action of DATS on human melanoma 
cells. 

All of the above studies, carried out on cell cul- 
ture and animal models, suggest that garlic oil and 
allyl sulfides are effective in imparting protection 
against skin cancer. The mechanisms of DATS- 
induced G2/M phase cell cycle arrest and apoptosis 
in skin cancer cells are summarized in Figure 1. 
Mechanisms underlying the skin cancer preventa- 
tive effects of DATS are not completely understood, 
but known cellular responses to garlic-derived allyl 



sulfides include elevation of ROS and DNA dam- 
age, alteration of mitogenic and survival singling, 
and induction of G2/M arrest and apoptosis. In- 
terestingly, we found that antioxidant NAC sup- 
pressed DATS-induced ROS production and growth 
inhibition. Although NAC nearly abolished DATS- 
induced DNA damage, it only partially blocked the 
effect of DATS on growth suppression, indicating 
that the ROS-independent pathway is involved in 
DATS-induced cell death. Moreover, our study has 
shown that DATS-mediated G2/M arrest and apop- 
tosis appeared to be selective for cancer cells, since 
normal HaCaT cells were resistant to growth inhi- 
bition by DATS. 37 This finding is consistent with 
previous studies in several cell and animal mod- 
els. 50 In our current research program, proteomic 
and genomic studies are in progress to further elu- 
cidate the different molecular events involved in skin 
cancer prevention by garlic oil and DATS in an ani- 
mal model. 

Conclusions and future prospects 

Accumulating experimental data indicate that 
garlic-derived allyl sulfides possess an anticancer 
effect in several organs, including the skin. The 
primary discussion in this review has centered 
around the chemopreventive skin cancer effect 
and the mechanism of allyl sulfides in a chemi- 
cal carcinogen-induced mouse skin cancer and cell 
line model. However, the photopreventive effect 
of garlic-derived allyl sulfides is lacking. Studies 
have shown that UV-induced photocarcinogenesis 
in the hairless mouse is widely accepted as a reli- 
able preclinical animal model for the evaluation of 
chemoprevention agents. 71 Therefore, future stud- 
ies should investigate the effect and mechanisms 
of allyl sulfides in preventing photocarcinogene- 
sis. Moreover, the pharmacokinetics, bioavailability, 
and clinical investigations of DATS should be impor- 
tant for future recommendations for the practical 
application of garlic in the chemoprevention of skin 
cancer. 
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